I. INTRODUCTION
An ideal insulating material does not exhibit any electrical conductivity when electric field is applied. But, practically, all insulating materials have some conductivity, which changes with temperature and applied field. If the applied field increases to some critical magnitude, material can break down electrically and large current flow which could result in failure of electrical equipment. Therefore, it is very important to concern about the electrical failure of insulating material operating at high voltage and proper analysis is necessary to estimate the life and performance of the material before its practical use. [1] - [2] Critical field at which breakdown occurs depend on the insulating material properties itself and can be measured under specified and controlled experimental conditions. This field is called the breakdown strength or electric strength of the insulating material. Insulating material properties include relative permittivity ' r', loss tangent 'tan ', thickness of insulation sample 't', number of carriers 'n', mobility of charge carriers 'μ', free volume of the materials 'Vf ', free path among molecules , etc. From the above mentioned properties, r, tan , and t can be measured directly but μ, Vf , and are difficult to measure. [3] - [6] The research reported by Swanson and F.C Dall suggested that the a few major properties can be studied on a host of materials and a correlation can be obtained between these parameters and dielectric strength. Using this approach, they proposed a relationship between breakdown strength and few other parameters like t, volume resistivity ' v', r, and tan which can be useful for predicting the breakdown strength of any electrical solid insulating material [4] .
An equation to predict breakdown strength using the above approach has been already suggested in a previous work for the same non-cellulosic insulation samples which are under observation in the present work also. The result reported in the work was found in good agreement with the measured value [7] . This work is focused on the prediction of breakdown strength as a function of other physical parameters using a nature inspired computational technique, that is, Artificial Neural Networks (ANNs). Breakdown strength, relative permittivity, and loss tangent are measured by performing different experiments in high voltage laboratory. The data acquired from the experiments is analysed to propose a simulation model using ANN for the prediction of breakdown strength.
II. EXPERIMENTAL TECHNIQUES
The experiments have been performed on different noncellulosic materials like teflon, nomex, laminated nomex, glass bonded mica, epoxy resin bonded mica paper, and epoxy resin bonded fiber glass. The materials were tested as available in the laboratory [8] . Value of volume resistivity for each sample is taken from literature or as provided by the manufacturer [9] - [11] .
Measurement of r and tan is carried out by placing materials under observation between the parallel plates of ASTM electrode assembly [12] , with the help of an automatic capacitance and tan delta (dissipation factor) bridge [13]- [14] . Experimental setup with connections is shown in Fig. 2 . Capacitance (C) obtained from ACDF Bridge is used to calculate r using the following equations-978-1-5386-4318-1/17/$31.00 ©2017 IEEE 
Where, A is surface area of electrode and 0 is permittivity of free space (8.8542× 10 12 F/m).
Breakdown voltage is measured using an ASTM point to plane electrode assembly, as shown in Fig. 2 . High voltage is applied to the point to plain electrode system using a 150 KV, 50 Hz high voltage transformer [15] - [16] . Breakdown strength can be calculated from the observed values of breakdown voltage from the relation-
Breakdown Strength = (Breakdown Voltage (kV))/ (Thickness of insulation (mm)).
Experimental techniques and results obtained are discussed in more details in [7] .
III. ANALYTIC STUDY USING ANN
Artificial neural network (ANN) is a nature inspired computational technique used to predict system performance or output mathematically. This technique is inspired by the human biological neural networks structure and function. It is developed and derived to perform similarly as human brain does by memorizing and learning various jobs. It is trained to predict certain behaviour and to recollect that behaviour whenever required in future similar to human brain. [17] In this work, different ANN models are prepared using ANN toolbox of MATLAB (R2013a) [18] . Thickness of insulation, relative permittivity, loss tangent, and volume resistivity are used as inputs and breakdown strength is used as target. Multi-layer feedforward network is provided with inputoutput data set and trained using the back-propagation algorithm. Other configurations taken to prepare a model are tabulated in table 1. 
Where, i=1, 2, ……, n, Pi = Normalized value, x = Lower limit of normalized value = 0.1; y = Upper limit of normalized value = 0.9, Xi = Value of data to be normalized; Xmin = Minimum value in the data set; Xmax = Maximum value in the data set.
IV. SIMULATION RESULTS
Training and testing data for ANN model is taken from experimental readings as well as literature. ANN model is trained and validated using 233 data pairs and then trained model is tested using 12 data pairs for non-cellulosic materials.
For achieving best performance ANN model with one, two and three hidden layers with varying number of neurons in them were trained and tested, and the one having best performance is selected for prediction of breakdown strength of solid insulating materials. Also, the correlation coefficient (R), measures how precisely the ANN model outputs follow the desired output and it should be closer to 1.
After training several models, it is found that the ANN architectures like 4-21-1 (4 neurons in input layer, 21 in hidden layer, and 1 in output layer), 4-6-4-1 (4 neurons in input layer, two hidden layers with 6 and 4 neurons,1 neuron in output layer), 4-7-14-1 (4 neurons in input layer, two hidden layers with 7 and 14 neurons, 1 output layer neuron), and 4-7-5-13-1 (4 neurons in input layer, three hidden layers with 7,5, and 13 neurons,1 neuron in output layer), show good performance. Best one among them is 4-7-14-1 with lowest mean absolute error that is 0.78 and is further used for the prediction of breakdown strength of materials under study in this work.
ANN Parameters Specification
Transfer The performance plot of 4-7-14-1 ANN architecture is shown in fig 4. It is observed that the best validation performance in terms of mean square error (mse) by the end of the training process is 0.0018464. The best validation performance is achieved at 23 th epoch.
Regression plot for this architecture is shown in fig. (4) . The value of R in this case is found to be 0.97771.
V. PERFORMANCE COMPARISION
For the purpose of comparison, measured values of breakdown strength and predicted values of breakdown strength (ANN) are shown on the same graph ( fig. 5 ).
An equation was developed in [7] using an empirical relation suggested by J. W. Swanson and F. C. Dall in [4] for the same non-cellulosic materials to predict the breakdown strength. The result reported in that study are also mentioned in the graph to compare both the prediction techniques. It can be seen from the graph (Fig. 5 ) that breakdown strength predicted by ANN is closer to the measured values for most of the test specimen considered, almost overlapping the measured value curve.
In table 2, percentage errors between measured and predicted values of breakdown strength are tabulated. It is observed from the table that maximum error is 2.04 % and the mean absolute error (mae) is very low that is 0.78. Maximum percentage error observed while predicting the breakdown strength using empirical relation was 9.35%. 
VI. CONCLUSION
In this work, electrical parameters of non-cellulosic insulating materials are studied. Breakdown strength is measured experimentally as well as using a computational technique known as Artificial Neural Networks (ANN) considering that the breakdown strength is dependent on other parameters like thickness of insulation sample, volume resistivity, relative permittivity, and loss tangent. Different ANN architectures are trained to obtain a best fit model with minimum mean absolute error (mae) between measured and predicted values of breakdown strength. A model with 4 no. of neurons in input layer, 7 and 14 neurons in two hidden layers, and 1 output layer neuron (4-7-14-1) has shown the best performance with lowest MAE, that is, 0.78. Breakdown strength predicted for the same insulating materials using an empirical relation suggested by J. W. Swanson and F. C. Dall was also considered to compare the results with the ANN model proposed in this work. Results observed from ANN modelling are found in good agreement with the measured values. Also, the errors are much lower when compared to the errors obtained with empirical relation.
It is expected that the proposed model will be helpful for practicing engineers for assessment of breakdown strength for non-cellulosic insulating materials.
